Introduction
Current state-of-the-art lifting equipment used when erecting offshore wind turbine parks typically have the upper limit of the allowable wind velocity window somewhere between 8-12 m/s. This means that when wind velocity is higher than this threshold, the expensive installation equipment is effectively just waiting for the wind to drop. A significant part of the cost of erecting an offshore wind farm is thus linked to this waiting time. For a middle-sized European offshore wind farm the typical cost of waiting for a lower wind speed window is estimated around 15 million euros. Therefore an effort is being made to understand the physics at play better [1] [2] [3] [4] . Furthermore, effort is being put into methods for increasing the upper limit of the allowable wind window using better designs and active control [5] . Since the driving force is of an aerodynamic nature, it is important to be able to understand and accurately predict these forces. The previous work of (some of) the authors investigated in Gaunaa et.al. [4] among others the first-order aerodynamic behavior of a single wing in turbulent inflow by adopting the crossflow principle [6] [7] neglecting the induced velocities, and assuming the blade to be straight. The agreement between the statistics of the aerodynamic forces from this model was in good agreement with the one obtained with the aeroelastic code HAWC2 [8] , which effectively also use the crossflow principle for handling situations where the flow is not perpendicular to the blade span. One of the assumptions underlying the crossflow principle is that, the object for which we want to investigate the effect of an added spanwise flow-component is two-dimensional. Since this is clearly not the case for objects such as wind turbine blades, it is of great interest to investigate to what extent the forces on a wind turbine blade behave like the crossflow principle predicts. Therefore, the aim of the present work is to analyze an extensive set of data for the blade of the DTU10MW reference turbine [9] predicted with DTU's in-house CFD code Ellipsys3D [10] [11] [12] to assess to what extent the crossflow principle predicts the forces correctly, where and how much it fails, and also to propose a first-order correction model to take into account the three-dimensionality of the wing as an add-on to the crossflow model. The analysis of the CFD data and development of an engineering model for the unsteady loads due to vortex-shedding is described in [13] .
Approach and methods
The in-house CFD code EllipSys3D [10] [11] [12] was used to compute time-marching simulations of the DTU10MW blade geometry using Detached Eddy Simulation with the k-ω Shear Stress Transport turbulence model [14] Put in a condensed form, the crossflow principle [6] [7] states that the aerodynamic forces on a 2D structure act as if the spanwise flow component was absent.
Defining force coefficients analogous to the standard local unyawed lift ( ) and drag ( ) coefficients using the part of the inflow vector perpendicular to the span-direction only we get
2 ) (2) Note that ∞ is the total inflow velocity magnitude and θ is the yaw angle of the inflow relative to the blade section, where zero is when the flow is perpendicular to the spanwise direction, and positive yaw angles signify flow from the tip of the blade. Additionally it should be emphasized that the lift and drag 'in the crossflow sense' are the forces perpendicular to and parallel with the normal flow component of the inflow vector only.
The cross flow principle also makes definition of the angle of attack in the general yawed case straightforward because it is uniquely defined as in the well-known 2D case when omitting the spanwise part of the inflow vector in the yawed case. Therefore, for a straight blade the angle of attack will not change when the velocity in the spanwise direction is changed.
Since the crossflow principle serves as the baseline model for the behaviour in yawed inflow, local indicators of how well this performs for a fixed total inflow velocity will be the crossflow error ratios defined in Eqs. (3)- (5). 
l and d are the local crossflow lift and drag forces per span (see [4] ) for constant onset flow velocity magnitude, f is the force magnitude = √ 2 + 2 , s is the span-coordinate of the section, α is the angle of attack (defined without the spanwise part of the velocity, see [4] ) and θ is the yaw angle of the flow. This way, the ratios defined in Eqs. (3) (4) (5) would be unity if the CFD results behaved exactly like predicted by the crossflow principle. Furthermore, if an engineering model for the crossflow errors in Eqs. (3)- (4) can be found, it will be possible to predict the local loading in yawed flow from the unyawed case:
Or it its equivalent coefficient form:
, ( , , ) = , ( , ) • ( , , )
Layout of the wing
The key parameters of the layout of the 10MW RWT blade [9] is shown in Figure 1 below. It is observed that the contours of both the lift and drag coefficients in the reference non-yawed inflow case are smooth. Observe also the tendency that the magnitude of the forces and especially the drag coefficient reaches the largest values toward the tip. This is in agreement with what was observed by Sørensen and Michelsen [15] for flat plates and wings at high angles of attack.
The analogous results for also the nonzero angles are shown in Figure A1 in the appendix. From the results it is evident that neither lift-, drag-or force magnitude coefficients are independent of yaw angle. In order to quantify this effect, Figure A2 in the appendix show contour plots of the sectional crossflow correction ratios defined in Eqs. (3)- (5). It is observed that there is only a very small region where the crossflow error ratios are close to unity, which mean that there is only a very small region where the crossflow principle would adequately describe the forces acting on the blade in yawed flow. Another way to show this is to consider the integral moment with respect to the blade center of gravity due to the drag forces. This is shown in Figure 3 . If the crossflow principle was correct, it would be expected that all the aerodynamic forces and moments on a wing should scale with cos 2 if the magnitude of the wind was kept constant. This would correspond to a reduction of all forces and moments with a factor of 0.25 for yaw angles of +/-30 o . This is seen to be far from the case in Figure 3 , where the aerodynamic torque around the wing center of gravity due to drag forces is shown for yaw angles [-30 o , 0 o , +30 o ] as a function of pitch angle of the blade. From the crossflow principle it would thus be expected that the blue and red curves should have been identical, and be equal to 75% of the value of the blue curve (shown with the thin black dotted curve). This is clearly not the case. The reason for this is that the aerodynamic forces in the "upwind" part of the blade in the yawed cases have larger values (R l and R d ) than when they are yawed "downwind".
The region where the crossflow principle describe well the behavior of the aerodynamic loading is seen from Figure A2 to be for the sections with relatively thin airfoils (for r>30 m) for low angles of attack where the flow is probably not stalling (-5 o <α<10 o ). Outside this relatively narrow region it is observed that the error ratios are significantly different from unity. What is also observed from Figure  A2 is that, roughly, the shape of the error ratios for lift, drag and total force for a given yaw angle looks similar:
One explanation for this could be that the extent of a separation zone could be relatively independent of yaw angle, but that the pressure in the separated zone depend on yaw angle and spanwise position along the blade. Another observation that can be drawn from the results in Figure A2 is that the error ratios are relatively symmetric around α=0 o : ( , , ) ≈ (− , , ). The last observation is the approximate mirroring of the error ratios along the span when the sign of the yaw angle is changed: ( , , ) ≈ ( , 1 − , − ). Of course the above observed behavior is very approximate, but it is a good starting point for a first order engineering model of the error ratios. A relatively simple model that has this behavior and resembles the behavior of the error ratios (mainly the total force crossflow error ratio) is presented in Eqs (10)- (11) . This result is then used with Eqs (8)- (9) to model the lift and drag coefficients from the non-yawed case. The result is shown in Figure A3 in the appendix. The comparison with Figure  A1 shows that the basic trends are captured. In order to assess better the performance of this first version of a correction model for the crossflow principle, Figure 4 shows key integral aerodynamic loading (lift, drag, lift moment around COG and drag moment around COG) on the DTU 10 MW RWT turbine blade subjected to 10 m/s wind.
It is seen that the results from the model captures the first order of the characteristic behavior for the 30 o yaw cases: the magnitudes of integral lift and drag remain fairly constant and the changes to especially the drag moment is rather big. The aim of the approximation of the error ratios was to match the cases with the largest aerodynamic moments, so the performance of the model in the 60 o yaw cases is not as good as for the 30 o cases, but still the newly proposed model is generally an improvement to the standard crossflow principle.
One valid key question that future works will have to answer is how generally applicable this correction is for other blades (chordlength distribution, twist distribution, thickness distributions, airfoil types, etc.). 
Conclusions
CFD simulations were used to investigate the validity of the widely used crossflow principle in the case of flow around a wind turbine wing. It was found that there is only a very limited part of the investigated cases where the crossflow principle can be used to correct the unyawed results to obtain the yawed ones; and in the case of the drag moment around the center of gravity of the blade, the difference between the actual computed values and the ones obtained from combining the unyawed forces with the crossflow principle is very high. This is caused by the aerodynamic forces generally being higher in the "upwind" part of blade and generally lower in the downwind part of the blade. The systematic pattern of the differences was used to formulate a first order engineering correction model to the crossflow principle such that it can be used to determine better the aerodynamic loading in the very complex blade installation and standstill situations. 
